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Abstract 
Golf is played at a range of temperatures. The aim of this research was to determine the effect of temperature on golf 
ball dynamics. Normal impact testing at speeds up to 48 m·s-1 was conducted at ball temperatures of -0.8°C, 22°C and 
35.9°C. Golf balls were projected onto a fixed rigid surface and inbound and rebound velocity, impact duration and 
maximum deformation were measured using a high-speed video camera. Coefficients of restitution, impact durations 
and maximum deformations were found to increase with temperature. A finite element model of the golf ball was 
produced using Ansys/LS-Dyna and the dynamic response corresponding to each temperature was obtained by 
systematically adjusting the material properties of the core. Changing golf ball dynamics with temperature has 
implications on approval test procedures as well as the development of balls and clubs. This research is the first step 
in a process for determining the effect of temperature on a golf drive. 
 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
Golf is played all around the world and hence at a wide range of temperatures. The two governing 
bodies of golf – the United States Golf Association (USGA) and The Royal and Ancient Golf Club of St 
Andrews (R&A) are responsible for approving golf balls, focusing on features such as weight, size and 
spherical symmetry. Conforming golf balls must also pass two dynamic tests, initial velocity and overall 
distance as detailed in the rules [1]. These dynamic tests are undertaken at 23.9°C. Previous research has 
shown that the dynamics of sports balls, both hollow [2-6] and solid [7, 8], are dependent on temperature. 
Coefficients of restitution (COR) [3-8], maximum deformations [5, 6] and impact durations [3-6] have all 
been shown to increase with temperature. COR is defined as the ratio of normal rebound to normal 
inbound velocity following impact with a fixed rigid surface. An increase in COR is associated with 
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lower energy losses, while an increase in impact duration and deformation corresponds to lower structural 
stiffness. Taking into account that temperature affects the dynamics of other sports balls, it is likely that 
the dynamics of golf balls are also dependent on temperature, which would have implications on approval 
test procedures and the development of equipment. Finite element (FE) techniques are often used in the 
development of golf equipment and previous publications have detailed their application to model golf 
ball impacts at unspecified temperatures [9, 10]. An FE model capable of simulating golf ball impacts at a 
range of temperatures could be used to predict the effect of temperature on different golfing scenarios. 
The aim of this research was to determine the effect of temperature on golf ball dynamics. Ball-on-
rigid surface impact testing was undertaken for temperatures ranging from 0 to 40°C. The range was 
assumed to account for the variety of playing temperatures for golf and was comparable to those used in 
previous studies examining the effect of temperature on sports ball dynamics [3-8]. An FE model of a golf 
ball was constructed to simulate any changes in impact performance with temperature. The material 
properties of the viscoelastic core in the ball model were systematically adjusted so the impact 
performance corresponded to the experimental data, a technique used by Tanaka et a1. [9]. This research 
is the first step in a process for determining the effect of temperature on a golf drive. 
2. Method 
2.1. Experimental data collection 
2.1.1. Details of the golf ball  
 
Twenty unused Titleist Pro V1x golf balls were used in this research. The ball consists of a 
polybutadiene dual core, an ionomer case and an elastomer cover [11] (Table 1). Strangwood et al. [12] 
reported a reduction in golf ball stiffness of up to 10 per cent following a series of quasistatic loadings 
(Mullins softening [13]). Therefore, prior to acclimatization and testing each ball was impacted normal to 
a rigid surface four times at ~45 m·s-1 to account for the irreversible reduction in stiffness.  
Table 1. Dimensions of the golf ball used in this research (obtained from the manufacturer) 
Component Inner core Outer core Case Cover 
Outer diameter (mm) 25.1 39.4 44.1 42.7 
2.1.2. Acclimatization of golf balls 
First the balls were tested at room temperature (22 ± 2°C). The balls were then acclimatized overnight 
in a climate chamber (Watford Refrigeration, UK) set at the temperatures of 0 and 40°C. It was not 
feasible to do the impact testing in the climate chamber. Therefore, the balls were individually transported 
in an insulated container to the testing laboratory (22 ± 2°C) where they were each subjected to a single 
impact. The mean and standard deviation for the time between removal and impact was 3 ± 1 minute. The 
surface temperature of each ball was measured in the climate chamber and immediately after impact using 
a digital thermocouple (Table 2).  
Table 2. Measured surface temperature of the golf balls. Value = mean ± standard deviation 
Chamber temperature Ball surface temperature before impact Change in ball surface temperature after impact 
0°C -0.8 ± 1.0 +7.1 ± 1.3 
40°C 35.9 ± 0.4 -3.1 ± 0.6 
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When referring to ball temperature the mean value prior to impact will be used (i.e. -0.8°C, 22°C, 
35.9°C). 
2.1.3. Impact testing 
 
A modified pitching machine (BOLA, UK) was used to project the golf balls without spin, normal to a 
fixed rigid surface (Fig. 1a). The range of impact speeds was 25 to 48 m·s-1, which was comparable to the 
values used by Strangwood et al. [11] when investigating golf ball dynamics. The impacts were filmed 
using a high speed camera placed perpendicular to the plane of motion and operating at 37,000 Hz 
(Phantom V4.3, Vision Research). The camera started filming when the ball passed a light trigger in the 
barrel of the pitching machine.  
 
a)   b)  
Fig. 1. (a) Experimental setup for impact testing; (b) definition of maximum ball deformation  
2.1.4. Data analysis 
 
The video footage was manually analyzed using in-house software. COR was calculated from the 
inbound and rebound velocity. The definition of maximum deformation is shown schematically in Fig. 
1b. Impact duration was measured visually from the video footage, with an error of one frame 
corresponding to 27ȝs. A repeatability study was undertaken to assess the uncertainty in the manual 
analysis. An impact at a low, medium and high impact speed was analyzed ten times. The standard 
deviation was taken as a measure of the uncertainty for each impact. Averaging (mean) across the three 
impacts gave the uncertainty associated with each measure (Table 3).                                                                                
Table 3. Range in variables and uncertainty associated with manual analysis. Value = mean ± standard deviation 
Measure Inbound velocity (m·s-1) Coefficient of restitution Impact duration (ȝs) Maximum deformation (mm) 
Range 25 to 48 0.66 to 0.82 432 to 621 5.3 to 9.5 
Uncertainty 0.5 ± 0.1 0.012 ± 0.001 13.4 ± 0.1 0.3 ± 0.1 
2.2. Finite element model 
An FE model of the golf ball and fixed rigid surface was produced using Ansys/LS-Dyna. The cover 
and casing of the ball were combined into a component labeled 'cover' to simplify the model. Reduced 
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integration 8-node brick elements were used throughout. A linear elastic material model 
(MAT_ELASTIC) [14] was used for the cover with the mechanical properties (E = 329 MPa, Ȟ = .433) 
taken from Mase and Kersten [10]. A viscoelastic material model (MAT_VISCOELASTIC) [14] was 
used for the core, which is defined from a time-dependent shear modulus as 
 
ܩሺݐሻ ൌ ܩஶ ൅ ሺܩ଴ െ ܩஶሻିఉ௧     (1)  
where G is the long-term shear moduli, G0 is the instantaneous shear moduli, t is time, and ȕ is the decay 
constant. Impacts were simulated between the ball and surface at velocities of 25, 35 and 45 m·s-1. Using 
Smith and Duris [15] as a guide, the viscoelastic parameters of the inner and outer core were 
systematically adjusted to provide agreement with the experimental data for each of the three testing 
temperatures (Table 4). Poisson's ratio (0.49) was taken from Tanaka et al. [9] along with initial values 
for Young's modulus. 
Table 4. Material properties used in the core of the golf ball model 
Part Bulk modulus (GPa) Long term shear modulus (MPa) 
Short term shear modulus (MPa) 
-0.8°C / 22°C / 35.9°C 
Decay constant 
-0.8°C / 22°C / 35.9°C 
Inner core 7.5 3 20 / 16 / 13 2300 / 1700 / 1400 
Outer core 7.5 10 67 / 53 / 43 2300 / 1700 / 1400 
3. Results 
Fig. 2 shows the results for the impact tests. COR, maximum deformation and impact duration are 
each plotted against inbound velocity. The three series correspond to the temperatures under 
investigation, -0.8°C, 22°C and 35.9°C. COR and impact durations decreased with increasing inbound 
velocity while maximum deformation increased. The results also show temperature to have an effect on 
golf ball dynamics, although there is a relatively large amount of scatter in the data. Increasing 
temperature increased COR, impact duration and maximum deformation. Fig. 1 shows the FE model 
predicted COR and maximum deformation reasonably well, while impact duration was under predicted.  
  
 
Fig. 2. Ball inbound velocity against a) coefficient of restitution; b) impact duration; c) maximum deformation. The error bars 
correspond to the uncertainty values in Table 3 
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Step-wise multiple linear regression analysis suggests that both inbound velocity and temperature had 
a significant effect on COR, impact duration and maximum deformation (p<0.001 in all cases).  
The regression equations were: 
                                                                                                               
ܥܱܴ ൌ ͲǤͺ͵ͷ െ ͲǤͲͲ͵ ௜ܸ௡ ൅ ͲǤͲʹܶ  Adjusted R2 = 0.928          (2) 
ܫܦ ൌ ͸͵ͶǤͳͷ െ ͶǤͺ͹ʹ ௜ܸ௡ ൅ ͳǤͷ͸ͻܶ  Adjusted R2 = 0.840          (3) 
ܦܧܨ௠௔௫ ൌ ʹǤͲ͸ͷ ൅ ͲǤͳͲͷ ௜ܸ௡ ൅ ͲǤͲͶʹܶ  Adjusted R2 = 0.785          (4) 
 
where Vin is inbound velocity in m·s-1, T is temperature in °C, ID is impact duration in ȝs and DEFmax 
is maximum deformation in mm.  
4. Discussion 
Results from this study have shown that golf ball dynamics are dependent on temperature, which has 
been reported in the literature for other sports balls [2-8]. Strangwood et al. [12] reported clear differences 
in the dynamics of a range of golf balls at room temperature. It is likely that the dynamics of these balls 
would also be different at other temperatures. The influence of temperature on golf ball dynamics may 
also vary with ball type (construction and materials). The foundation work presented in this paper would 
be complimented by further research investigating the effect of temperature on a range of golf balls. 
A highly efficient test methodology would be required to test the effect of temperature on a wide range 
of golf balls. Smith and Faber [8] used a bespoke setup consisting of light screens and piezoelectric load 
cells to investigate the effect of temperature on baseball and softball dynamics. A similar setup could be 
used for golf balls, although, ideally testing should take place in a climate controlled area to prevent 
changes in ball temperature. Strangwood et al. [12] linked golf ball energy losses during a high strain-rate 
impact to the energy lost during a low strain-rate compression (area under hysteresis loop). Temperature 
controlled compression testing would be simpler to implement than impact testing and hence more 
suitable for manufacturers or governing bodies to apply to a large number of balls. The work in this paper 
could be complimented by further research on the relationship between low strain rate compression tests 
of golf balls and impact tests at different temperatures.  
The work presented here is the first step in a process to determine the effect of temperature on a golf 
drive. The FE model of a golf ball provides a useful foundation to this work which would be 
complimented by developing the model to simulate an impact with a driver head. When developing this 
type of model the effect of temperature on the flexible thin walled face of the driver head would need to 
be investigated. Once developed the ball and driver head model could be combined with a temperature 
dependent trajectory model. An accurate model of this type could be used to predict the effect of 
temperature on a range of shots and serve as an effective development tool which could be applied to 
optimizing golf equipment for specific temperatures. 
Material characterization techniques would complement the FE model, allowing the effect of different 
ball materials to be predicted. Mase and Kersten [10] applied dynamic mechanical analysis combined 
with time temperature superposition to characterize golf ball core material for a visco-hyperelastic FE 
model. More recently, Burbank and Smith [16] applied impact testing to characterize softball core 
material for an FE model. The foundation work presented in this paper would be complemented by 
further research into the characterization of material for a temperature dependent model of a golf ball.    
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5. Conclusion 
Impact testing at speeds up to 48 m·s-1 has shown that golf ball dynamics are dependent on temperature 
in the range of -0.8 to 35.9°C. This research has implications on golf equipment approval tests which do 
not account for changes in ball dynamics with temperature. The foundation work presented here was 
limited to a single type of golf ball and could be complemented by researching the effect of temperature 
on the dynamics of a range of golf balls. An FE model of a golf ball was developed using the 
experimental data to simulate impact performance at the three temperatures of -0.8°C, 22°C and 35.9°C. 
The work presented allows the effect of temperature on drive launch conditions to be predicted by 
combining the ball model with a driver head model. This tool could aid manufacturers to optimize their 
equipment for specific playing temperatures. The FE element model presented in this paper was limited 
as the material parameters were characterized through impact testing of golf balls. The work would be 
complemented by further research into the characterization of material for a temperature dependent FE 
model of a golf ball.    
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